Monoclonal antibodies were generated using 5 d neonatal rat dentate gyrus as immunogen. One antibody of this panel, G6E3, recognized a cell-surface protein with an i%f, = 43,000 that was found only in the nervous system. The antigen was expressed as early as embryonic day 13 in the rat in both the brain and spinal cord. In the adult rat the antigen was demonstrated immunohistochemically to be restricted to dentate gyrus granule, hippocampal pyramidal, and cerebelhu Purkinje neurons. These results suggested that the antigen recognized by G-6E3 may be developmentally regulated. Moreover, G6E3 did not appear to bind to mitotic cells, implying that the antigen was expressed after the terminal mitosis. The antibody also bound to hippocampal and cerebellar cells from mouse brain, including the reeler mutant, and rat hippocampal neurons in vitro. Doublelabeling experiments performed on embryonic rat hippocampal cultures with G6E3 and antibodies to neuron-specific enolase (NSE) or anti-glutamic acid decarboxylase (GAD) revealed that only NSE-positive cells were immunoreactive for G6E3 and, while G6E3-positive cells were decorated with GAD-positive boutons, their cell bodies did not contain GAD. With the use of a fluorescence-activated cell sorter it was possible to analyze the immune reaction on embryonic and postnatal hippocampal cells and to sort G6E3-positive neurons for maintenance in vitro.
Monoclonal antibodies were generated using 5 d neonatal rat dentate gyrus as immunogen. One antibody of this panel, G6E3, recognized a cell-surface protein with an i%f, = 43,000 that was found only in the nervous system. The antigen was expressed as early as embryonic day 13 in the rat in both the brain and spinal cord. In the adult rat the antigen was demonstrated immunohistochemically to be restricted to dentate gyrus granule, hippocampal pyramidal, and cerebelhu Purkinje neurons. These results suggested that the antigen recognized by G-6E3 may be developmentally regulated. Moreover, G6E3 did not appear to bind to mitotic cells, implying that the antigen was expressed after the terminal mitosis. The antibody also bound to hippocampal and cerebellar cells from mouse brain, including the reeler mutant, and rat hippocampal neurons in vitro. Doublelabeling experiments performed on embryonic rat hippocampal cultures with G6E3 and antibodies to neuron-specific enolase (NSE) or anti-glutamic acid decarboxylase (GAD) revealed that only NSE-positive cells were immunoreactive for G6E3 and, while G6E3-positive cells were decorated with GAD-positive boutons, their cell bodies did not contain GAD. With the use of a fluorescence-activated cell sorter it was possible to analyze the immune reaction on embryonic and postnatal hippocampal cells and to sort G6E3-positive neurons for maintenance in vitro.
The molecular mechanisms underlying appropriate synapse formation have been postulated to involve cell-surface recognition molecules (Boyse and Cantor, 1979; Hood et al., 1977; Roseman, 1974; Sperry, 1963; Tyler, 1947; Weiss, 1947) . The identification of such molecules and the elucidation of the mechanisms that regulate their expression could provide a molecular foundation for examining the neuronal changes that are thought to take place during information processing. The strategy of generating monoclonal antibodies to a specific tissue or brain structure has been fruitful in identifying regionally restricted cell-surface antigens (Barnstable, 1980; Bartlett et al., 198 1; Cohen and Selvendran, 198 1; Hawkes et al., 1982; McKay and Ho&held, 1982; Schachner, 1982) and thereby lending support to the notion that molecules exist that could be involved in the establishment of proper neuronal circuitry.
We have generated a panel of monoclonal antibodies to the developing rat dentate gyrus of the hippocampal formation. Various properties are attributed to this structure that make it possible to study the role that identified antigens might play in establishing proper neuronal position and synaptic connections.
For example, the dentate gyrus is formed by the migration of granule cells along several morphogenetic axes (Schlessinger et al., 1975) and greater than 80% of these cells are generated postnatally, after their synaptic targets (hippocampal pyramidal neurons) are already in place (Bayer, 1980; Bayer and Altman, 1974; Bayer et al., 1982) . The ability to induce new synapse formation by lesion is a well-documented process in the hippocampal formation. The morphological changes that accompany this process have been extensively studied because of the clearly defined, laminar organization of hippocampal neurons (Cotman, 1976; Cotman and Nadler, 1978) .
In this report we demonstrate that one monoclonal antibody, G6E3, recognizes a cell-surface protein that is found only on hippocampal pyramidal, dentate gyrus granule and cerebellar Purkinje neurons in the adult rat. This antigen is expressed on hippocampal neurons in vitro and is found in several mouse strains, including the reeler mutant. Previously, Kapatos et al. (1983) used a monoclonal antibody in conjunction with cell sorting to isolate a subpopulation of embryonic spinal cord neurons. We have used G6E3 and a fluorescence-activated cell sorter to analyze the immune reaction on embryonic and postnatal hippocampal cells and, in preliminary experiments, to isolate hippocampal neurons for cell culture.
Materials and Methods
Monoclonal antibody production and screening Five-day postnatal rat dentate gyri were removed by the micropunch method of Palkovits and Brownstein (1983) . The tissue was immediately homogenized in PBS at 4°C and injected intraperitoneally into Balb/c mice. An average of 50 mg wet weight of tissue was injected per mouse. This procedure was repeated 4 times over 2 months. Monoclonal antibodies were generated by conventional techniques using NS-1 as the parent myeloma cell line (Galfre et al., 1977; Kohler and Milstein, 1976) . The antibodies were screened against unfixed, frozen tissue that had been cryoprotected by preincubation with a graded series (1 &30°4r) of sucrose in Dulbecco's modified Eagle's medium (high glucose; Gibco, Grand Island, NY). Ten micron sections (cut with a cryostat and placed on collagen-coated glass microscope slides) were incubated for 24 hr at 4°C with G6E3 hybridoma conditioned tissue culture medium (RPM1 plus 15% fetal bovine serum), tissue culture medium alone as control, or medium containing the nonspecific IgG, monoclonal antibody P3X63-Ag8 as a second control. Antibody binding was visualized by incubating sections with a fluoresceinated rabbit anti-mouse IgG (Dako Corp., Santa Barbara, CA) diluted 1:50 with PBS. Antibodies were further screened with 50 pm vibratome sections from rat brains that had been perfused with a solution of ice-cold 0.2% picric acid and 4% paraformaldehyde in 0.167 M sodium phosphate buffer, pH 7.0. In these experiments, the secondary antibody was a peroxidase-conjugated goat anti-mouse IgG (Boehringer-Mannheim, Indianapolis, IN) diluted 1: 100 in PBS andhsualized &th diaminobenzidine~following the method described bv Kiss et al. (1984) . Subtvnina of the antibodies was done using a Sub&e Immundglob&n
Kii from Boehringer-Mannheim. Vol. 6, No. 7, Jul. 1986 Primary hippocampal cultures (Segal, 1983) .
Immunohistochemistry of cultured cells Stemberger (1974) . Cultures were also incubated with anti-GAD antibodies (Oertel et al., 198 1; a gift from Dr. Wolfgang Oertel) followed by a rhodaminated rabbit anti-sheep secondary antibody (from Jackson ImmunoResearch as above). For double staining with G6E3 and anti-NSE it was necessary to photograph G6E3 positive cells after fixation, since the diaminobenzidine reaction product occluded the fluorescent staining. The same fields were rephotographed after PAP staining.
Flow cytometric analysis and sorting
Embryonic or early postnatal hippocampal tissue from rat pups was dissociated without the use of enzymes in Puck's saline with added glucose and sucrose (made from a 20X D, concentrate from Colorado Serum Co.. Denver. CO. with 10 mM HEPES. 17 mM alucose. and 22 I I -I mM sucrose). The cell suspensions were resuspended in CM or ascites fluid at a concentration of not more than 2 x lo6 cells per ml. (Antibody concentrations and buffer were identical to those used for cell culture staining.) Controls were incubated in similar dilutions of CM or ascites fluid from P3X63-Ag8 hybridomas, a secretor of IgG, antibodies that do not bind to neural tissues (Trisler et al.. 198 1) or with HBSA alone. Tubes containing the cell suspensions were incubated for 45 min on ice to prevent patching and capping of antigen-antibody complexes. Cells were then centrifuged at 300 x g for 5 min, washed twice with 10 ml of HBSA, and resuspended in a 1:50 dilution in HBSA of a fluoresceinated secondary antibody (Jackson ImmunoResearch, as above). After staining in secondary antibody for 30 min on ice, the cells were centrifuged and washed as before and filtered through 62 pm Nitex to remove clumps. These staining methods were developed in collaboration with Kapatos et al. (1983) . Cells were analyzed and sorted in a Becton-Dickinson FACS 440 equipped with a 5 W argon-ion laser operating at 488 nm with an output of 400 mW. Sorting rate was less than 2000 events&c. Sorted cells were collected into 15 ml centrifuge tubes precoated with Sigmacote (a siliconizing agent from Sigma) containing HBSA. Sorted cells were centrifuged at 300 x g for 5 min and resuspended in plating medium containing heat-inactivated sera (to avoid complement-mediated cytotoxicity). Cells were plated into 35 mm petri dishes that had been precoated with collagen or poly(L-lysine) or contained a confluent layer of non-neuronal cells from the hippocampus or cortex (generated by plating postnatal tissue at very low densities) and maintained under the same conditions as "mixed" hippocampal cultures. Distributions of counts of cells as a function of their light scatter and fluorescence were constructed as 64 x 64 bin histograms. Histograms were made for both experimental and control samples. Difference histograms were made by subtracting corresponding bins in the control histograms from those in the experimental histograms. Negative values were ignored.
3H-thymidine autoradiography
Female rats, 20 d in term, were injected intraperitoneally with 2 pCi/ gm body weight of )H-thymidine (New England Nuclear; specific activitv 6 Ci/mmol) in sterile distilled water. Embrvos were delivered and their hippocampi dissected 2.5 hr after injection. Cells were mechanically dissociated and incubated with G6E3 followed by a fluoresceinated secondary antibody as described for cell sorting. After washing with Hank's balanced salt solution (Gibco), the cells were fixed in 4% formaldehyde at 0°C for 1 hr. Fixed cells preincubated with G6E3 or secondary antibody alone (controls) were placed on slides, dried, coated with Ilford K5 emulsion (1: 1 dilution in distilled water), and developed at 4°C for 10-14 d. Slides were developed in D-19 (Kodak) for 4 min, fixed for 10 min, rinsed, and mounted in a 1: 1 solution of PBS : glycerol saturated with n-propyl gallate (Giloh and Sedat, 1982) . This radiographic technique was essentially a modification of Koulakoff et al. (1983) .
G6E3 radioimmunoassay
Tissues to be assayed (reeler mice and their appropriate controls were obtained from Jackson Laboratories, Bar Harbor, ME) were dissected and homogenized in PBS containing 1 mM phenylmethylsulfonylfluoride and frozen. Assays were performed in 96 well microtiter plates (Dynatech, Alexandria, VA). Tissues (0.1-0.5 mg protein/well was found to be in the linear range) were first washed 3 times with PBS-l 0% fetal bovine serum (4°C) followed by incubation with G6E3 for 60 min at 4°C. G6E3 ascites fluid diluted 1: 100 was found to be saturating under these conditions. The secondary antibody, a goat anti-mouse 1Z51-F(ab'), (50-100,000 cpm; Amersham, Arlington, IL) at a concentration of 440 nM was then added, and incubations were continued for 30 min at 4°C. While 440 nM F(ab'), prepared with unlabeled goat anti-mouse F(ab'), (Cappel, West Chester, PA) was not saturating, the same proportion of binding was found at higher concentrations and thus was chosen for the sake of economy. As a nonspecific control, P3X63-Ag8 ascites fluid was used in parallel experiments. The values obtained with P3X63-Ag8 were subtracted from those obtained with G6E3 to obtain specific binding. Protein determinations were performed by the method of Bradford (1976) .
IdentiJication of G6E3-specific proteins by immunoblot analysis
Freshly dissected adult rat hippocampus or cerebellum was subjected to SDS-PAGE according to the method of Laemmli (1970) . Proteins were transferred to nitrocellulose membranes according to the method of Towbin et al. (1979) , and the detection of G6E3-specific protein binding was accomplished by the method of Batteiger et al. (1982) . The secondary antibody was a peroxidase-conjugated goat anti-mouse IgG (Miles Laboratories, Inc., Elkhart, IN, 1:500 dilution), and 4-chloronaphthol was used as visualizer.
Results
The monoclonal antibody G6E3 is an IgG, that recognizes adult rat dentate gyrus granule, hippocampal pyramidal, and cerebellar Purkinje neurons in the adult rat (Fig. 1) . The only other staining observed thus far was to some cortical neurons, but this was very faint and not associated with any specific structure or pattern. When glutaraldehyde, Vol . 6, No. 7, Jul. 1986 staining was the same in tissue fixed by this method as in unfixed tissue, ruling out artifact& staining of the latter. G6E3 binding could be detected as early as embryonic day 13 in both the brain and spinal cord. G6E3 binding may be present earlier, but this remains to be determined. We used various biochemical and immunological methods to detect the antigen recognized by G6E3 in various embryonic and postnatal rat tissues. As can be seen in Table 1 , its distribution became increasingly restricted with age. The binding of G6E3 was also studied in primary hippocampal cultures. A typical primary culture of dissociated hippocampal cells is shown in Figure 2b . G6E3 stained both cell bodies and processes of subpopulations of living cells in these cultures. The ring of fluorescence around the positively stained cell bodies suggested that G6E3 recognized an antigen (A& expressed on the cell surface. Figure 2a shows the fluorescence binding pattern of G6E3 in a 19-20 d embryonic rat brain hippocampal formation. Evidently the antibody binds to pyramidal and granule cells at this stage of development. While it is straightforward to identify hippocampal cells stained in sections, this is not the case for cells dissociated from brain and maintained in culture. However, in cultures generated from the embryonic hippocampus, G6E3 bound only to cells that costained with antibodies to NSE, indicating that it is specific to nerve cells (Schmechel et al., 1980) (Fig. 2, c, d ). G6E3 recognized an average of 55% of the NSE-positive cells in these cultures. Colocalization studies with G6E3 and anti-GAD antibodies are shown in Figure 2 , e andJ; respectively. Although only approximately 5% of G6E3-positive cells stained for GAD intracellularly (after an overnight treatment with 1O-9 M colchicine), GAD-positive boutons could be seen decorating virtually all of the G6E3-positive cells. In vivo, both pyramidal and granule neurons receive GABAergic innervation (Kosaka et al., 1984) . Thus, these data support the idea that G6E3 binds to granule and/or pyramidal neurons in culture, but it is not possible at this time to differentiate these 2 cell types unambiguously in vitro.
Because G6E3 binds to neurons very early in development and the formation of the dentate gyrus extends into the postnatal period, a 3H-thymidine experiment was performed to determine if G6E3 bound to dividing cells in 19-20 d rat embryos (the same age used for generating hippocampal cultures and cell suspensions for sorting). Since thymidine uptake occurs within 30 min (Schlessinger et al., 1978) , a circulation time of 2.5 hr was adequate to label all cells in S-phase at the time of injection. It can be seen in Figure 3 , a and b, that both G6E3-positive cells and cells incorporating 3H-thymidine were present. However, the 2 labels were mutually exclusive: G6E3 staining was only found on cells that did not incorporate radiolabel. Approximately 12% of the cells examined incorporated 3H-thymidine (64 positive cells out of 560 cells examined). Between 10 and 15% of the cells that did not incorporate 3H-thymidine were found to be G6E3-positive. The percentage ofmitotic cells found in these experiments closely agrees with previous 'H-thymidine studies of the developing rat hippocampal formation (Bayer and Altman, 1974; Schlessinger et al., 1975) . In control experiments, cells from pups whose mothers had not been injected with 3H-thymidine were never associated with autoradiographic grains, and only cell suspensions incubated with G6E3 contained fluorescent cells. These results indicate that the antigen is expressed on nonmitotic (presumably postmitotic) cells.
Because G6E3 recognizes hippocampal neurons in tissue slices and neurons in primary hippocampal cultures, experiments were undertaken to analyze the immune reaction on acutely dissociated hippocampal cells from various ages with the use of a fluorescence-activated cell sorter (FACS). FACS analysis of freshly dissociated, unstained hippocampal tissue from embryos or early postnatal rat pups indicated the presence of 3 major forward-angle light-scatter peaks. When events from each peak were sorted and examined under the light microscope, it was found that the light-scatter peak nearest the origin (I) contained debris and subcellular elements; a low light-scatter peak (II) contained mostly dead cells, and a high light-scatter peak (III) contained live cells as determined by Trypan blue or propidium iodide staining (see St. John et al., 1986 , for a description of FACS analysis and sorting of primary neuronal cells).
G6E3 staining of embryonic and early postnatal hippocampal cells resulted in a number of events that exhibited levels of fluorescence above control values in all 3 light-scatter peaks. Difference histograms of the data were generated as described in Materials and Methods and are shown in Figure 4 . In an experiment with 16 d embryos, highly fluorescent cells were found in peaks II and III (Fig. 4A) . When cells from 19-20 d embryos were analyzed, an even greater number of the highly fluorescent events were found in peak III (Fig. 4B) . Staining of cells from 3-5 d neonates resulted in most of the fluorescent events falling in peaks I and II (Fig. 4C ) with few events in peak Figure 2 . Monoclonal antibody G6E3 stains embryonic hippocampal neurons in tissue sections and in culture. a, Unfixed, frozen, 10 pm section of 19-20 d embryonic rat brain stained sequentially with G6E3 and a fluoresceinated secondary antibody. Staining is apparent in the pyramidal cell layer (p), as well as in the area of the developing dentate gyms (g) (x 150). b, Phase-contrast photomicrograph of a 2.5-week-old rat hippocampal culture. Neurons of various sizes and morphologies are evident on a confluent background of nonneuronal cell types (x 200). c, Three-week-old hippocampal culture stained with G6E3 followed by a fluoresceinated secondary antibody (x 360). A typical field of G6E3-positive cells was photographed, and the cultures were then processed for NSE reactivity. Visualization of specific staining was effected by the PAP method of Stemberger (1974) . d, Same field as in c showing that all G6E3-positive cells costain for NSE (x 360). e, Three-week-old hippocampal culture stained with G6E3 as in c. G6E3-positive cells are shown. The culture was then fixed and stained with anti-GAD antibodies followed by a rhodaminated secondary antibody (x 360). f; Same field as in e showing that the G6E3-positive cells are surrounded by GAD-positive terminals (x 360).
III. The percentage of highly fluorescent events in peak III rel-(SEM), respectively. The percentages of total events in peaks Iative to the total number of events was calculated for 16 d III iu au experiment from each age group are given iu the legend embryos (n = l), 19-20 d embryos (n = 4), and 3-5 d neonates to Figure 4 . Thus, under the conditions employed, embryonic (n = 4). The values obtained were 7, 10 + 2%, and 2 + 0.8% day 20 appeared to be the optimal age for obtaining specifically All the neurons present restained positively for G6E3 (Fig. 5) . The specific binding of G6E3 to developing rat tissues appeared to be CNS-specific and substantially higher in embryonic brain than in the adult (Tables 1, 2 ). It can also be seen that G6E3 bound nearly as well to murine brain as to rat brain (Table  2 ). In the reeler mutant (+/+, homozygous recessive), G6E3 binding was consistently lower than in reeler control (+I-, normal littermates) or Balb/c mouse brain. It is not known at present if this was due to a reduction in the number of cells bearing &G or to a reduction in the concentration of Ag6 per cell. The biochemical nature of the antigen was also investigated. Monosaccharides (100 mM) and mixed bovine brain gangliosides (Sigma: 100 llg/O.2-0.4 mg crude membrane pellet protein) were unable to block G6E3 binding in radioimmunoassay experiments (data not shown). However, at 500 mM, o-galactose did inhibit G6E3 binding by 80%, whereas other sugars (i.e., fucose, N-acetylgalactosamine, and N-acetylglucosamine) were still ineffective at this concentration, suggesting that &e is a glycoprotein with some glycose-moiety participation in the antigenic determinant recognized by G6E3. An immunoblot of adult rat hippocampus and cerebellum subjected to SDS-PAGE is shown in Figure 6 . G6E3 recognized a single protein band in both tissues with an it& = 43,000.
Discussion
With the monoclonal antibody G6E3, it has been possible to identify a cell-surface protein with a variety of properties that suggests it plays an important role in the development of the hippocampus and cerebellum. Moreover, it has been possible to isolate and maintain in culture a subpopulation of embryonic hippocampal neurons using G6E3 and a FACS.
G6E3 recognizes a single cell-surface protein found only in the dentate gyrus granule, hippocampal pyramidal, and cerebellar Purkinje neurons in the adult rat and may be developmentally regulated, probably appearing near the time when postmitotic neuroblasts have begun their migration. This conclusion is based on the fact that early in development (embryonic day 13), G6E3 recognizes cells in various brain regions and spinal cord. Also, the 3H-thymidine studies demonstrate that only nonmitotic cells express pLg6.
Besides recognizing identifiable neurons in tissue sections, G6E3 also recognizes neurons in primary hippocampal cultures. Thus, it may be possible to characterize these cells pharmacologically and electrophysiologically, as well as to assess the role ofkb in synapse formation in vitro.
G6E3 also recognizes cells from the hippocampus and cerebellum of several strains of mice. Various inbred strains of mice and neurological mutants are available, affording other opportunities to address the possible function of he. For example, G6E3 reacts with the reeler mutant (Falconer, 1951) . In both the cerebellum and the hippocampal formation, the number of See Results for a complete description of how the histograms were generated. A, Sixteen day embryonic rat hippocampus. Of the total number of events fluorescent above control levels (positive events), 7.4% were found in peak II and 7.2% were found in peak III. B, Twenty day embryonic rat hippocampus. Peak II contained 7% and neak III contained 12% of the positive events. At this developmental age the majority of the fluorescent events appear in peak III. C, Four day postnatal hippocampus. Five percent-of the positive events are found in the dead-cell oeak (neak II). whereas only 2% of the positive even& are found in the live cell peak (peak III). At all ages analyzed, the majority of the light-scatter events are in the peak containing debris (peak I near the origin) or are cells (events) that do not exhibit fluorescence above background (control) levels.
granule cells is reduced in these mice (Mariani et al., 1977; Stanfield and Cowan, 1979) . However, the most interesting feature of the reeler brain is the marked malpositioning of neurons. This abnormality may be due to alterations in cell-surface molecules necessary for proper neuronal positioning during development (Goffinet, 1984) . The reduction in immunoreactivity in the reeler hippocampus relative to controls suggests that h6 could be one of the molecules that play a role in this phenomenon. Particularly if the reduction is present on individual Purkinje and/or pyramidal neurons and not merely a reflection of reduced populations of granule cells. At any rate, G6E3 labeling of cells in concert with cell sorting may make it possible to isolate pure neuronal populations from reelers and other neurological mutants and make direct comparisons at the molecular level between affected cells and the appropriate controls.
We have consistently found a highly fluorescent dead-cell peak whenever cell suspensions are incubated with antibodies for FACS analysis. These could be dead cells that bound or took up antibodies nonspecifically, or dead cells that retained antigenicity and thus bound the antibody specifically. They could also be cells that were killed after specific antibody binding either by exposure to the cold or to antigen-antibody complexes formed at the cell surface. Although the number of dead cells does increase when cells are incubated on ice, G6E3 alone does not appear to be cytotoxic at 25 or 37°C (in the absence of complement). When cells in cultures were exposed to the antibody at these temperatures, there was no increase in the number of cells that stained with Trypan blue or propidium iodide when compared to cells not exposed to the antibody. Nevertheless, the antibody could still facilitate cell death at low temperatures. For example, extensive cross-linking of antigen-antibody complexes in the plasma membrane could adversely affect many membrane-associated functions, rendered more labile by the reduced temperature.
We have encountered several difficulties in analyzing and sorting antibody-labeled cells. In some cases, the recovery of live, labeled cells is quite low (l-2% as opposed to lO-12% of the total events). The plating efficiency of the sorted cells is also low (1 O-50%). These problems could be due to exposure to low temperatures or to cross-linking on the cell surface in addition to laser damage or suboptimal culture conditions. Experiments are in progress to increase the number of G6E3-positive cells and improve their survival in vitro.
In conclusion, we have demonstrated that a strategy consisting of (1) using a defined brain structure for the generation of monoclonal antibodies, and (2) screening for regional specificity in thin sections, followed by (3) screening in primary cultures or in the FACS for cell-surface binding and neuronal specificity, can lead to the isolation of antigenically homogeneous populations of cells that can be maintained in culture for further investigation.
